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I. INTRODUCTION
A study of the records of the modern transformer breakdowns, which occurred over a period of years, showed that nearly seventy percent of the total number of the power transformer failures are eventually traced to undetected short circuit faults [1] and [2] . Therefore, it is essential to detect and localize the fault at an early stage so that preparations for necessary corrective action can be planned in advanced and executed quickly [3] . To make an accurate fault detection system, analyzing the local and global effects of the fault on the transformer behavior is inevitable.
Traditionally, thermal studies of transformers have been carried out by analytical techniques [4] - [9] , or by different kinds of equivalent thermal circuits [10] - [12] . A literature review indicates that there are some research efforts dealing with thermal FEM models of transformers Manuscript received June 20, 2013; revised September 10, 2013. which are mainly focused on prediction of the windings and the core hot spot temperature and location [4] - [14] . In addition, various implementations of the finite element thermal models for investigating the thermal performance of the transformers subjected to harmonic currents [15] - [17] and nonlinear loads [18] - [19] , as well as transformers with particular structures of the windings [20] , high frequency [21] and planar transformers [22] have been reported. However, in spite of extensive literature survey on different aspects of the transformer thermal modeling, prediction and characterization of the transformer thermal behavior in the presence of short circuit faults, also quantifying the increased winding losses due to the short circuit faults and the corresponding temperature rise in the transformers are the issues, so far, remain unreported and therefore form the subject matter of this paper. This is accomplished using a 2-D coupled electromagnetic-thermal FEM model adapted for introducing a power transformer with internal winding short circuit faults. Coupling of electromagnetic and thermal FEM analysis is also employed in the developed FEM model, as a means of better representation of the transformer dynamic thermal behavior. There are several approaches for coupled transient computation of the interacting electromagnetic-thermal fields in electrical machines containing significantly different time constants, which are discussed in reference [23] - [27] . In fact, the main contribution of the present paper is to extend the methods of [23] - [27] to include the short circuit faults in the transformers thermal model as well as characterizing the transformer thermal behavior in this condition.
The paper is organized as follows. Section II presents a brief description addressing the characteristics of the considered transformer and also outlines the principles of the magnetic field modeling of the transformer damaged by short circuit fault. The third section focuses on thermal field modeling of the faulty transformer. In Section IV the algorithm used for solving the coupled electromagnetic-thermal problem is described. The practical application and the detailed discussions on the results, also implications for future researches are illustrated in Section V. Finally conclusions will be given in the last section.
II. MAGNETIC FIELD MODELING OF A TRANSFORMER WITH WINDING SHORT CIRCUIT FAULT

A. Characteristics of the Considered Transformer
The FEM simulations are carried out on a three phase, two winding, 50Hz, 100kVA, 35kV/400V, Yzn5, oil immersed, ONAN, core type distribution transformer. The transformer is employed in simulations with all the parameters and configuration provided by the manufacturer. The LV winding consists of 2 layers, each layer comprising 30 turns of copper wire (4×10.5mm2cross-sectional area), and is wound around each leg of core separated by one layer of insulation. Each HV winding contains 16 discs of 336 stranded copper wire (round type enameled copper wire 1mm diameter), and is separated by one layer of insulation from the LV winding.
B. Circuit-Magnetic Coupled FEM Formulation
The governing equation of the time dependent electromagnetic model in 2-D Cartesian coordinates based on the A-V-A formulation is derived from the Maxwell's equations using the magnetic vector potential, A[Wb/m], and electric scalar potential, V [v] , [28] .
where [ν r ] is the tensor of the reluctivity of the medium, [ν 0 ] is the reluctivity of the vacuum (in m/H), A is the magnetic vector complex potential (in Wb/m), [σ] is the tensor of the conductivity of the medium (in S) and V is the electric scalar potential (in V). To simulate the behavior of the transformer in presence of winding short circuit faults, coupling between electric circuit and magnetic fields is required. Generally the electric circuit branch equations can be written in the following matrix form [29] :
In this matricidal expression, for a branch m, Φ m represents the magnetic circuit flux linkage, e m and i m are the voltage drop and the current respectively, R m and L m are the resistance and the leakage inductance respectively. Each of the electromagnetic and the electric circuit fields yields its own matrix equations, which are directly coupled and solved simultaneously. To obtain a unique solution for the governing equations based on the A-V-A formulation, the divergence of the vector potential, A, is specified using the Coulomb gauge ( 0 .   A ) and the zero Dirichlet boundary condition is applied on the external border of the computation domain.
The principle used in this study for modeling short circuit faults on the transformer windings is to divide the winding across which the fault occurs in two parts: the short-circuited part and the remaining coils in the circuit [30] . It should be pointed out that when a short circuit fault occurs on the transformer windings, the picture of the electromagnetic field inside the transformer will be altered totally as well as the current in the circuit domain [31] . However, the electromagnetic behavior of the faulty transformer still satisfies the Maxwell equations. This means that solving the electromagnetic field in a faulty transformer is reduced again to solving the mentioned coupled field-circuit governing equations (1) (2) (3) . Therefore with the developed circuit coupled FEM model of the transformer, a whole variety of short circuit faults can be simulated with different levels of severity and size and at different locations along the windings.
C. 2D Electromagnetic FEM Model
In general, the magnetic field modeling of the transformer can be distinguished into three parts: the core, the windings and the oil surrounding the active part of the transformer. In the developed FEM model for the considered transformer, the core and the surrounding oil were entirely included in the model. The nonlinear magnetization characteristics of the iron was input manually into the solver and assigned to the transformer core. Regarding the windings, their representation is related to the modeling of the skin effect. The skin depth ( δ ) of a medium is defined by the following expression:
where ω is the supply frequency, μ 0 the vacuum permeability, μ r the relative permeability and σ is the conductivity of the medium. The thickness of the skin depth area of the winding conductors at 50 Hz based on the values μ r =1 and σ=59.6e6 S/m of the copper properties is about 9.2 mm, which joule losses are concentrated on this thin layer. Thus, HV windings of the considered transformer, having a value of the skin depth much greater than the dimensions of the conductor's cross section, are characterized by an almost uniform distribution of the current density over all the conductor cross section and as a consequence modeled by stranded coil conductors. However, LV windings with conductors having dimensions of cross section comparable to the value of the skin depth were modeled by solid conductors. Finally, by coupling all the regions in the finite element domain to the circuit domain, the 2D FEM model was completed.
III. THERMAL FIELD MODELING
The basic relations of conduction heat transfer which describe transient temperature distribution in the solution region are the Fourier's law and the equation of heat conduction [32] : 
The above equations describe heat transfer by thermal conduction within the solid bodies of the temperature computation domain. The conditions of uniqueness of the solution of the heat transfer equation are the initial conditions and the boundary conditions at the surface of the solid bodies. The initial condition specifies the temperature distribution at time zero:
We will set the ambient temperature to 30°C and use as initial temperature map of the study domain. Thermal convection heat transfer characterizes the boundaries of solid regions of the studied device and the surrounding fluid as below:
where h is the convection heat exchange coefficient in (W/m 2 /K), Ta is the ambient temperature in Kelvin and n is the unit outward normal to the surface of the solution domain. In general, the value of the heat transfer coefficient h is a complicated function of the fluid flow, the thermal properties of the fluid medium and the geometry of the system. Such a broad dependence makes it difficult to obtain an analytical expression for the heat transfer coefficient. In the heat transfer literature, it is customary to represent the h value by the dimensionless Nusselt number Nu [33] .
where L is the dimension of the flow passage and k is the thermal conductivity. Typically, the Nusselt number is expressed as a function of two other dimensionless numbers, namely, the Grashof number (Gr) and the Prandtl number (Pr) [33] :
where C and n are empirical constants dependent on the oil circulation. The Grashof and Prandtl number are calculated by (11) and (12) respectively [33] :
where g is the gravitational constant (m/s 2 ), β is the thermal expansion coefficient of the oil (1/°C), L is the characteristic dimension (m), ρ is the oil density (kg/m 3 ), K is the oil thermal conductivity (w/m/°C), Cp is the specific heat of the oil (J/kg/°C), μ is the oil viscosity (kg/ms) and Δθ is the top-oil to ambient temperature gradient (°C). It is generally valid for all transformer insulation oils that the variation of the oil viscosity with temperature is much higher than the variation of the other oil parameters. Thus, all oil physical parameters except the viscosity in (13) can be replaced by a constant.
The thermal field modeling of the considered transformer starts with calculation of all the constants in the equations (4)-(13) based on the material properties of the selected transformer, analytical formulas extracted from heat transfer theories, and the empirical coefficients provided by the manufacturer. Afterwards, the model is completed by assigning thermal specifications of the materials to the solid and the fluid components of the transformer and then assigning the value of the heat transfer coefficient h to the boundaries of the solid regions and the surrounding oil. The computation domain in the thermal field model of the considered transformer includes all the solid parts of the transformer, i.e. the core, the LV and HV windings, the insulations and the fluid component i.e. the surrounding oil. In the developed FEM model of the transformer, the windings and the core are defined from the magnetic and thermal points of view and the thermal exchanges surface on the boundaries of the study domain is defined only from the thermal point of view.
To address the composition of insulations and conductors in the transformer windings, the HV windings are represented by a single isotropic thermal conductivity because of dense stranded conductors in its structure and symmetry of the conductor and insulation materials, calculated using a weighted average, based on the volume fractions as follows [17] :
Similar formulae developed to be used for the ρ and the C parameters. For the case of the LV windings, since theirs conductors are solid type, so they are better represented by an anisotropic thermal conductivity. The thermal conductivities along and across the layers of the LV winding depends not only on the thermal conductivities of the copper, Kcond, and the insulation material, Kinsul, but also on the relative thickness of each along the paths of the heat travel. Thus, for the LV winding, the equivalent thermal conductivity in the tangential direction, where the conductor and the insulation layers are in parallel and in the radial direction (perpendicular to winding layers), where the conductor and the insulation layers are in series, are calculated by the following equations:
In the above equations, the equivalent tangential and radial thermal conductivity of the winding are denoted by the indices t and r, respectively. In addition, d cond and d insul are the thickness of the copper and the insulation of the LV winding, respectively. Based on the above explanations and equations, the values for thermal specifications are calculated and assigned to the LV and HV windings of the considered transformer. By applying the specifications of the other components of the transformer and the boundary conditions to the thermal exchanges surfaces, the model will be ready for the solving process based on the developed computation algorithm, which will be explained in detail in the following section.
IV. MAGNETO-THERMAL COUPLED PROBLEM COMPUTATION
The magneto thermal coupling proposed in this study is a coupling between the steady state AC magnetic computation, which allows the estimation of the active power loss dissipated by the Joule effect in the heated components of the considered transformer, and the transient thermal computation, which allows the study of the temperature evolution in the heated components of the transformer.
It is worth pointing out that in spite of the field-circuit coupling in Section III, in the developed magneto-thermal coupling method, due to large differences in the time constants of the magnetic and thermal fields, two systems of the equations (Maxwell's and Fourier's equations) are separately and not simultaneously solved. Indeed, from the thermal point of view, the value of the time constant of a transient thermal phenomenon is much higher than the electromagnetic time constant. However, to treat a simultaneously solving of equations, there is only one "time step" variable for all the phenomena involved in the coupling problem. Needless to emphasize an exact transient solution requires that the related time-step is at least smaller than the smallest time constant of the problem, but it is obvious that adapting the time step of the magnetic-thermal coupling problem to the smaller time constant (magnetic), will lead to prohibitive computation times. To overcome this difficulty and reaching acceptable values of the computation times, the magneto-thermal coupling method used in this is based on separately and successively solving of the magnetic field and the transient thermal equations for each time step and then transferring the results between the two sets of the equations.
Result transferring means that the power losses obtaining from the magnetic computation, is introduced as heat sources of the system of the thermal equations. On the other side, the temperature resulting from the thermal computation is considered for evaluation of the material characteristics in the magnetic equations to meet the temperature dependence of the electromagnetic properties like as magnetic permeability, electric resistance and permittivity. The principle of the magneto thermal coupling is detailed in Fig. 1 .
At each time step, a local linking of thermal and magnetic computations is carried out, until the steadiness of the temperature field corresponding to the analyzed time step is achieved. To control the iterative process of the thermal updating, a stopping criterion which defines the precision of the updating process is defined. Another stopping criterion is defined to control the maximum number of the iterations; this criterion sets the maximal number of the iterations and allows stopping of the solving process in case of non-convergence of the thermal updating process. After applying the inputs and the boundary conditions described in the previous sections, the coupled FEM model was solved for prediction of the thermal performance in the selected transformer, operating under healthy and different short circuit fault conditions. The space distribution of the temperature inside the transformer, operating under healthy condition, 0.9 nominal load and constant ambient temperature of 30°C is illustrated in Fig. 2 . A zoomed color shaded plot of the temperature distribution at rated load with the plots of the temperature variation along the contours on the transformer surface is given in Fig. 3 . As it can be readily seen from the simulation results in the Fig. 2 and Fig. 3 , the temperature is increased from the bottom to the top inside the transformer and the hot spot of the windings is always placed on the top part of the transformer. However, the temperature of the hot spot of the LV and HV windings differs due to the windings type and thickness of the their insulation layer. Fig. 4 shows the temperature density plot and isothermal lines of the transformer working at rated load and for a short circuit fault along the second turn of the LV winding from the neutral point. The color shaded plot of the temperature distribution inside the transformer when a short circuit fault is imposed on the turns of the outermost layer of the second disc from the line end of the HV winding is depicted in Fig. 5 . Considering Figs. 4-5 and comparing them with Fig. 2 , clearly reveals that the introduced short circuit fault on the windings yields higher hot spot temperatures and the hot spot point is transferred from top of the windings at the healthy condition to the shorted region at fault conditions. To better characterize the thermal performance of the transformer damaged by short circuit faults, additional simulations were performed with different degree of fault severity in the shorted turns. Table I , it becomes evident that when the transformer is in normal condition, the turn dielectric is almost perfect, the terminal current and the winding average and hot spot temperatures are very close to the rated values and the differential current is nearly zero. However, during the exercise of decreasing the value of the fault resistance, i.e. increasing the fault severity level, a significant increasing trend is visible in the relative change of the winding hot spot temperature, while the transformer differential current is increasing much more slowly.
Inordinate temperature rise due to the short circuit fault occurrence along the winding is mainly due to DC heat losses in the copper windings, which vary with the square of the rms circulating current. Thus, the increasing trend of the winding hot spot temperatures is a result of great circulating current in the shorted turns which in turn is a result of high ratio of transformation between the whole winding and the shorted turns. In fact, for a short circuit fault involving a low fraction of the winding, the circulating current in the shorted turns increases more significantly than the terminal current. This would seem to present a problem for fault detection at its incipient stage where it would be very difficult to detect a change in the terminal current caused by the fault in spite of the drastic circulating current and severe localized heating in the shorted turns. It should be remarked that all the considered fault cases in Table I , cannot be detected with the overall sensitivity represented by the over-current or restrained differential protections, as the base protections of the power transformers against internal faults, with a sensitivity of 20%-30% rated current.
With all the above observations, one can conclude that early stages of winding short circuit faults have negligible effects on the transformer terminal performance. However, additional power loss and localized thermal overloading in the shorted region, sustains favorable conditions for the fault to accelerate the insulation degradation and rapidly spread to a larger section of the winding, which would result in more serious permanent faults and irreversible damage to the transformer. Accordingly, significant advantages would accrue by development of online, reliable and sensitive short circuit fault detection methods, which constitutes one of the future directions of this research.
VI. CONCLUSION
It was demonstrated in this study, for the first time, how winding short circuit faults affect the thermal behavior of a real transformer. Space distribution and transient evolution of the temperature in the heated components of the damaged transformer was accomplished using a 2D transient coupled electromagnetic-thermal FEM model. From the simulations made on the considered transformer, it can be concluded, during a short circuit fault on the transformer winding, the circulating current in the shorted turns causes additional power loss, severe localized heating and abnormal temperature rise in the shorted region. However, the transformer terminal modification is too small to identify cleanly and the fault left undetected until it evolves into a high level fault with more severe damage to the transformer. Characteristic signatures associated with short circuit faults extracted from the transformer thermal behavior are expected to yield insights in developing reliable and sensitive fault detection and localization methods in power transformers.
